We present a systematical study of two-body and three-body charmless baryonic B decays. Branching ratios for two-body modes are in general very small, typically less than 10 −6 , except for the decays with a ∆ resonance in the final state. For example, the branching ratio of the tree-dominated decay B − → p∆ −− can be as large as 1 × 10 −5 , and the penguin-dominated decay B − → Σ +∆−− is at the level of 1 × 10 −6 . For three-body modes we focus on octet baryon final states. The leading three-dominated modes are B 0 → pnπ − (ρ − ), npπ + (ρ + ) with a branching ratio of order 4 × 10 −6 for B 0 → pnπ − and 1 × 10 −5 for B 0 → pnρ − . The first measurement of the penguin-dominated decay B − → ppK − by Belle indicates that the q 2 dependence of heavy-tolight baryon form factors is favored to be of the monopole form. While the penguin-dominated decays B − → ppK −( * ) and B 0 → pnK −( * ) , nnK 0( * ) all have appreciable rates, it is not the case
of order 4 × 10 −6 for B 0 → pnπ − and 1 × 10 −5 for B 0 → pnρ − . The first measurement of the penguin-dominated decay B − → ppK − by Belle indicates that the q 2 dependence of heavy-tolight baryon form factors is favored to be of the monopole form. While the penguin-dominated decays B − → ppK −( * ) and B 0 → pnK −( * ) , nnK 0( * ) all have appreciable rates, it is not the case for B 0 → Λpπ + (ρ + ); we find Γ(B 0 → Λpπ + ) ∼ (
3 )Γ(B 0 → Λpρ + ) < ∼ Γ(B − → Λp). We explain why some of charmless three-body final states in which baryon-antibaryon pair production is accompanied by a meson have a larger rate than their two-body counterparts: either the pole diagrams for the former have a Λ b intermediate state, which has a large coupling to the B meson and the nucleon, or they are dominated by the factorizable external W -emission process.
I. INTRODUCTION
Inspired by the claim of an observation of the decay modes ppπ ± and ppπ + π − in B decays by ARGUS [1] in late 80's, baryonic B decays have been studied extensively around early 90's [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] with focus on the tree-dominated two-body decay modes, e.g. the charmful decays B → Λ cN , Σ cN , and charmless ones B → pp, ΛΛ. Up to date, none of the two-body baryonic B decays has been observed [14, 15] . Many of earlier model predictions are too large compared to experiment. For example, the previous limit on B 0 → pp < 7 × 10 −6 set by CLEO [14] has been recently pushed down to the level of 1.6×10 −6 by Belle [15] , whereas the model predictions are either too large or marginally comparable to the experimental limit (see Table II below).
The penguin-induced charmless baryonic B decays such as B → Σp, Σ∆ have been studied by Chernyak and Zhitnitsky [7] based on the QCD sum rule analysis. They obtained the branching ratios of order (0.3 − 1.0) × 10 −5 . Experimentally, only the upper limits on B − → Λp, Λpπ + π − , ∆ 0p , p∆ −− (∆ −− being the antiparticle of ∆ ++ ) and B 0 → Λpπ + have been set.
As pointed out by Dunietz [16] and by Hou and Soni [17] , the smallness of the two-body baryonic decay B → B 1 B 2 has to do with a straightforward Dalitz plot analysis (see Sec. IV for a detailed discussion) or with the large energy release. Hou and Soni conjectured that in order to have larger baryonic B decays, one has to reduce the energy release and at the same time allow for baryonic ingredients to be present in the final state. Under this argument, the three-body decay, for example B → ρpn, will dominate over the two-body mode B → pn since the ejected ρ meson in the former decay carries away much energies and the configuration is more favorable for baryon production because of reduced energy release compared to the latter [18] . This is in contrast to the mesonic B decays where the two-body decay rate is generally comparable to the three-body one. The large rate of B 0 → D * − pn and B 0 → D * − ppπ + observed by CLEO [19] indicates that the decays B → baryons receive comparable contributions from B → Λ cp X and B → DNN ′ X, as originally advocated by Dunietz [16] . A theoretical study of the decay B → D * pn has been carried out recently by [20] . In [21] we have shown explicitly that the three-body charmful decay B − → Λ cp π − (ρ − ) has indeed a magnitude larger than B 0 → Λ cp as seen experimentally [22] .
By the same token, it is expected that for charmless baryonic B decays, B → (π, ρ)B 1 B 2 are the dominant modes induced by tree operators and B → (π, ρ)B 1(s) B 2 , B → K ( * ) B 1 B 2 are the leading modes induced by penguin diagrams. The recent first observation of the penguin-dominated charmless baryonic decay B − → ppK − by Belle [23] clearly indicates that it has a much larger rate than the two-body counterpart B 0 → pp. Of course, this does not necessarily imply that the three-body final state B 1 B 2 M always has a branching ratio larger than the two-body one B 1 B 2 . We shall examine under what circumstance that the above argument holds.
In the present paper we will give a systematical study of two-body and three-body charm-less baryonic B decays. The factorizable W -exchange or W -annihilation contribution to two-body decay modes is very small and hence negligible. For nonfactorizable contributions to two-body final states, we will calculate the corresponding pole diagrams at the hadron level. We will apply the bag model to evaluate the baryon-baryon matrix elements and find that the baryon-strange baryon weak transition is indeed dominated by penguin operators. Branching ratios for two-body baryonic modes are found to be in general very small < ∼ O(10 −6 ) except for the decays with a ∆ resonance in the final state. The study of three-body baryonic decays is more complicated. Though it in general receives factorizable contributions, some of them involve three-body matrix elements and hence are not ready to evaluate. Therefore, pole diagrams still play an essential role. The baryonic decay with a vector meson in the final state normally has a large rate which should be easily accessible by the existing B factories.
The layout of the present paper is organized as follows. In Sec. II the issue of renormalization scheme and scale dependence of Wilson coefficients is addressed. We then study charmless two-body baryonic B decays in Sec. III and compare our results with the literature and experiment. In Sec. IV some important three-body modes are analyzed. Sec. V gives discussions and conclusions. A short summary of the relevant baryon wave functions and the bag model evaluation of baryon-baryon matrix elements are presented in Appendix.
II. HAMILTONIAN
The relevant effective ∆B = 1 weak Hamiltonian for hadronic charmless B decays is where q = d, s, and
2)
with O 3 -O 6 being the QCD penguin operators, O 7 -O 10 the electroweak penguin operators and (q 1 q 2 ) V ±A ≡q 1 γ µ (1 ± γ 5 )q 2 . The scale dependent Wilson coefficients calculated at nextto-leading order are renormalization scheme dependent. We use the next-to-leading Wilson coefficients evaluated in the naive dimensional regularization scheme [24] Table XXII of [24] with α being an electromagnetic fine-structure coupling constant. In order to ensure that the physical amplitude is renormalization scale and γ 5 -scheme independent, we include vertex and penguin corrections to hadronic matrix elements of four-quark operators [25, 26] . This amounts to modifying c i (µ) → c eff i and 4) where the subscript VIA means that the hadronic matrix element is evaluated under the vacuum insertion approximation. Numerical results for c eff i are shown in Table I (for details, see [25] ). It should be stressed that c eff i are renormalization scale and scheme independent. For the mesonic decay B → M 1 M 2 with two mesons in the final state, two of the four quarks involving in the vertex diagrams will form an ejected meson. In this case, it is necessary to take into account the convolution with the ejected meson wave function.
Care must be taken when evaluating the penguin matrix element of scalar and pseudoscalar densities, B 1 B 2 |q 1 (1 ± γ 5 )q 2 |0 . This matrix element is usually evaluated by applying the equation of motion and it is renormalization scale and scheme dependent. It turns out that the scale and scheme dependence of this matrix element is compensated by the penguin Wilson coefficients c 5 (µ), · · · , c 8 (µ). Therefore, when encountering penguin matrix element of scalar and pseudoscalar densities, we shall use the original penguin Wilson coefficients and neglect small α s corrections.
For quark mixing matrix elements, we will use |V ub /V cb | = 0.085 and the unitary angle γ = 60
• . In terms of the Wolfenstein parameters A = 0.815 and λ = 0.2205 we have ρ = 0.385 sin γ, η = 0.385 cos γ, (2.5) where ρ and η are the parameters in the Wolfenstein parametrization [27] of the quark mixing matrix.
III. CHARMLESS TWO-BODY BARYONIC DECAYS
The charmless B decays into two light baryons can be classified into two categories: the ones induced by the b → u tree transition, and the ones by the b → s penguin transition. The decay amplitude of B → B 1 (
where A and B correspond to p-wave parity-violating (PV) and s-wave parity-conserving (PC) amplitudes, respectively. The decay rate is given by 
where p c is the c.m. momentum, E i and m i are the energy and mass of the baryon B i , respectively. For the decay B → B 1 (
+ ) with a spin- 3 2 baryon in the final state, the general amplitude reads
where u µ is the Rarita-Schwinger vector spinor for a spin- 3 2 particle, q = p 1 − p 2 and C, D correspond to parity-violating p-wave and parity-conserving d-wave amplitudes, respectively. The corresponding decay rate is
As shown in Fig. 1 , the quark diagrams for two-body baryonic B decays consist of internal W -emission diagram, b → d(s) penguin transition, W -exchange for the neutral B meson and W -annihilation for the charged B. Just as mesonic B decays, W -exchange and W -annihilation are expected to be helicity suppressed and the former is furthermore subject to color suppression.
* In the language of the pole model, the M ( * ) B 1 B 2 form factor is expected to be largely suppressed at q 2 = m 2 B . As estimated by [5, 10, 13] , the W -exchange or W -annihilation contribution is very insignificant and hence can be neglected. The treedominated decays, e.g. B 0 → pp, p∆ − are mainly induced by the internal W -emission via b → u transition, while penguin-dominated modes, e.g. B − → Λp, Σ 0p proceed through b → s penguin transition. These amplitudes are nonfactorizable and thus very difficult to evaluate directly. This is the case in particular for baryons, which being made out of three quarks, in contrast to two quarks for mesons, bring along several essential complications. In order to circumvent this difficulty, it is customary to assume that the decay amplitude at the hadron level is dominated by the pole diagrams with low-lying one-particle intermediate states. More precisely, PC and PV amplitudes are dominated by − low-lying baryon resonances, respectively [10] . † This pole model has been applied successfully to nonleptonic decays of hyperons and charmed baryons [28, 29] . In general, the pole diagram leads to
where
are PC and PV matrix elements, respectively. Since the weak transition does not involve momentum transfer, it can be evaluated using the quark model. Conventionally, baryon matrix elements are evaluated using the bag model or the harmonic oscillator model. In the present work we prefer to employ the MIT bag model [30] to compute the weak baryon-baryon transition for several reasons. First, it has been applied successfully to describe the p-wave amplitudes of hyperon nonleptonic decays and it is much simpler than the harmonic oscillator model for computing the PC matrix elements. Second, it is relatively easy to incorporate penguin operators in calculations. Third and most importantly, the bag model calculation gives predictions consistent with experiment, whereas the calculated results based on the harmonic-oscillator model are too large compared to the data. This will be clearly demonstrated below when we discuss B → pp and p∆.
However, it is known that the bag model is considerably less successful for describing the physical non-charm and non-bottom →BB 2 as their calculations in the bag model are much more involved and are far more uncertain than the PC case [28] . Fortunately, there are some decay modes that are purely parity-conserving within the framework of the 3 P 0 quark-pair-creation model to be mentioned shortly. Examples are B − → np and B → N∆, which will be discussed below. For strong couplings we will follow [10, 31] to adopt the 3 P 0 quark-pair-creation model in which thepair is created from the vacuum with vacuum quantum numbers 3 P 0 . We shall apply this model to estimate the relative strong coupling strength and choose |g Σ
as a benchmarked value for the absolute coupling strength (see below). Presumably, the 3 P 0 model works in the nonperturbative low energy regime. In contrast, in the perturbative high energy region where perturbative QCD is applicable, it is expected that the quark pair is created perturbatively via one gluon exchange with one-gluon quantum numbers 3 S 1 . Since the light baryons produced in two-body baryonic B decays are very energetic, it appears that the 3 S 1 model may be more relevant. However, in the present paper we adopt the 3 P 0 model for quark pair creation for the following two reasons. First, it is much simpler to estimate the relative strong coupling strength in the 3 P 0 model rather than in the 3 S 1 model where hard gluons arise from four different quark lags and generally involve infrared problems. Second, this model is presumably reliable for estimating the BBB b coupling when all particles are on mass shell. Of course, the intermediate pole state B b in two-body baryonic decay is far from mass shell (but not quite so in three-body decay). Since we are interesting in the relative strength of strong couplings rather than the absolute strength, it seems plausible to assume that the relative coupling strengths are essentially not affected by the off-shell extrapolation. In the future, it is important to carry out the more sophisticated pQCD analysis to gain a better understanding of the underlying decay mechanism for baryonic B decays.
For reader's convenience, in [see Fig.1(a) ]. The PV and PC wave amplitudes read TABLE II. Predictions of branching ratios for some charmless two-body baryonic B decays classified into two categories: tree-dominated and penguin-dominated. In this work, some branching ratios denoted by " †" are calculated only for the parity-conserving part. For comparison some other predictions in the literature are also shown. We have normalized the branching ratios to |V ub /V cb | = 0.085 . The predictions given in [11] are carried out in two different quark-pair-creation models: local and nonlocal. Experimental limits are taken from [14, 15] .
[11] [3] [7]
[10] non-local local This work Expt.
Neglecting penguin contributions to the matrix element due to the smallness of penguin coefficients, we have
for the PC matrix element, where O 1 = (ūb) V −A (du) V −A and use has been made of
The latter relation holds because the combination of the fourquark operators O 1 + O 2 is symmetric in color indices (more precisely, it is a color sextet) and hence it does not contribute to the baryon-baryon matrix element since the baryon-color wave function is totally antisymmetric. In contrast, the operator O 1 −O 2 is a color antitriplet and has isospin I = 1 2 because the diquark ud is isoscalar due to anti-symmetrization. The latter feature will lead to some ∆I = 1 2 rule relations, for example (3.26) below. We shall employ the MIT bag model [30] to evaluate the baryon matrix elements (see e.g. [28, 29] for the method). From Appendix of [21] or [28] we obtain the PC matrix element
is a four-quark overlap bag integral and u q (r), v q (r) are the large and small components of the quark wave functions in the ground (1S 1/2 ) state (see, for example, [21] ). As stressed in passing, we will not evaluate the PV matrix element b Σ * b p as its calculation in the bag model is much more involved and considerably less reliable than the PC one. (However, see [28, 29] for the evaluation of PV matrix elements in charmed baryon decays.) Numerically, we obtain
Collecting everything together leads to
and hence
where the upper limit corresponds to Γ PV /Γ PC = 1. Therefore, the above result is consistent with the experimental limit 1.6 × 10 −6 [15] . We have chosen |g Σ + b →B 0 p | = 6 as a benchmarked value for the strong coupling for two reasons. First, a calculation based on the 3 P 0 quark-pair-creation model yields a value of 6 ∼ 10 for this coupling [10] . Second, we have computed the decay B − → Λ cp π − in [21] . A fit to the measured branching ratio for this mode implies a strong coupling g Λ b →B − p with the strength in the vicinity of order 18. Using the relation |g
, which is very close to the above-mentioned model estimate.
Note that a similar pole model calculation by Jarfi et al. [10] yields a branching ratio of order 7.0 × 10 −5 after scaling their original result (see Table I of [10] ) to |V ub /V cb | = 0.085 and to the current world average of B lifetimes [32] . Since Γ PV /Γ PC = 0.79 is obtained by the same authors, and a strong coupling |g Σ + b →B 0 p | = 10 is used by them, it follows that
is predicted by Jarfi et al. [10] using the harmonic oscillator wave functions for baryons. Evidently, the estimate of the PC matrix element a Σ . Consider the former decay first. The PV and PC wave amplitudes read
Applying the bag model leads to the PC matrix elements
For strong couplings, the 3 P 0 quark-pair-creation model implies [31] 
where the Φ's are the spin-flavor wave functions and the vacuum wave function has the expression
Using the baryon wave functions given in Eq. (A1) and the B meson wave function
we obtain
Consequently, Table II of [10] which seems to be dimensionless.
Likewise, for B
− → np we have
where use has been made of
Using the relations
and
derived from Eqs. (3.9) and (3.16), we find that B → NN amplitudes satisfy the ∆I = 1/2 relation [5,10]
As mentioned before, this ∆I = . From Eqs. (3.16), (3.21) and (3.22) , it is evident that B − → np has a larger rate than B 0 → nn. In contrast, the QCD sum rule analysis in [7] predicts that Γ(B 0 → pp) >
Moreover, as pointed out in [5, 10] , the decay B − → np is purely parity-conserving, namely its parity-violating amplitude vanishes provided that thepair is created from the vacuum. As pointed out by Körner [5] , if the quark pair is created perturbatively via one gluon exchange with one-gluon quantum number ( 3 S 1 model), the neutron in B − → np will have a positive longitudinal polarization. Therefore, a polarization measurement of the neutron by studying its subsequent weak decay can be used to test the 3 P 0 and 3 S 1 quark-pair-creation models. We are ready to compute branching ratios and obtain 
Using the wave functions given in Appendix A, we obtain
for PC matrix elements, and
for strong couplings. Then it is clear that the PC amplitude vanishes. That is, this decay is purely parity violating in the 3 P 0 quark-pair-creation model as noticed by Körner [5] and Jarfi et al. [10] some time ago. b for n∆ − , n∆ 0 final states. However, it is straightforward to show that, in the 3 P 0 quarkpair-creation model, the strong coupling for Λ b → N∆ vanishes and hence the Λ b pole makes no contribution. Moreover, the parity-violating part vanishes in the same quark-pair-creation model [5, 10] . Therefore, 
This together with the baryon matrix elements (3.9) and (3.16) leads to the relation
as first pointed out by Jarfi et al. [10] . In the diquark model of [11] , n∆ − has a rate different from p∆ − and n∆ 0 . Hence, experimentally it is important to test the relation (3.33).
Numerically,
Thus this charmless decay B − → p∆ −− can have a large branching ratio of order 10 −5 owing to the large coupling constant g Σ + b
→B − ∆ ++ . In sharp contrast, this mode is predicted to be only at the level of 3 × 10 −7 in the QCD sum rule analysis [7] (see also Table II ). The branching ratios of other modes can be calculated using Eq. (3.33) and are shown in Table  II . Experimentally, the decays B → N∆ should be easily accessible by B factories BaBar and Belle. 
To evaluate the hadronic matrix elements, we notice that the combinations of the operators O 2i+1 + O 2i+2 (i = 0, · · · , 4) are symmetric in color indices and hence they cannot contribute to the baryon-baryon matrix element. From this we can write the PC matrix element a Λ b Λ as
Since the bag model implies 
Hence, Eq. (3.36) can be recast as
Likewise, the relation
implied by the bag model leads to
Therefore, the PC matrix element for Σ 0 b − Λ weak transition does not receive QCD penguin contributions.
Applying Eqs. (B2) and (B5) we obtain
in the bag model, where
are four-quark overlap bag integrals. Finally we arrive at 
It is easy to check that a Λ b Λ and hence the decay is penguin dominated. For the branching ratio we find
For B 0 → Λn, it has the same rate as B − → Λp.
We consider the pole diagram with the intermediate states Σ
The PC weak matrix element for Σ In the bag model,
We obtain numerically
Note that the branching ratio is predicted to be 5 × 10 −6 in the QCD sum rule analysis of [7] , which is larger than our result by two orders of magnitude (see Table II ).
The intermediate low-lying pole states for this decay are Λ
The PC matrix elements are given by 
where in the bag model
Hence,
where use of Eqs. (3.23) and (3.24) for strong couplings has been made. We obtain
Again, the QCD sum rule prediction for this mode is much higher [7] .
As stated before, the decays B − → Σ +∆−− , Σ −∆0 , B 0 → Σ +∆− only receive parityconserving contributions [5, 10] so that
The PC matrix element a Σ + b Σ + has been evaluated before and a Σ
For strong couplings we get 
(3.59)
IV. CHARMLESS THREE-BODY BARYONIC DECAYS
As noted in Introduction, the study and search of the three-body baryonic B decay B → B 1 B 2 M with M being a meson are mainly motivated by the experimental observation that
Theoretically, it has been argued that the emitted meson M in the three-body final state carries away much energies and the configuration is more favorable for baryon production because of reduced energy release compared to the latter [18] . Roughly speaking, the reason that the two-body baryonic decay B → B 1 B 2 is smaller than the mesonic counterpart B → M 1 M 2 stems from the fact that one needs an additional quark pair production in the internal W -emission diagram [ Fig. 1(a) ] and twopairs in weak annihilation diagrams [ Fig. 1(b) ] in order to form a baryon-antibaryon pair. Aproduction is suppressed by either a strong coupling when it is produced perturbatively via one gluon exchange or by intrinsic softness of nonperturbative pair creation [17] . In the three-body baryonic decay, the emission of the meson M will carry away energies in such a way that the invariant mass of B 1 B 2 becomes smaller and hence it is relatively easier to fragment into the baryon-antibaryon pair. One can also understand the above feature more concretely by studying the Dalitz plot. Due to the V − A nature of the b → udū process, the invariant mass of the diquark ud peaks at the highest possible values in a Dalitz plot for b → udd transition (see [33] and footnote [91] in [34] ). If the ud forms a nucleon, then the very massive udq objects will intend to form a highly excited baryon state such as ∆ and N * and will be seen as Nnπ(n ≥ 1) [16] . This explains the non-observation of the NN final states and why the three-body mode NN π(ρ) is favored. Of course, this does not necessarily imply that the three-body final state B 1 B 2 M always has a larger rate than the two-body one B 1 B 2 . In this section we will study some leading charmless three-body baryonic B decays and see under what condition that the above argument holds.
The quark diagrams and the corresponding pole diagrams for decays of B mesons to the baryonic final state B 1 B 2 M are more complicated. In general there are two external W -diagrams Figs. 2(a)-2(b) , four internal W -emissions Figs. 2(c)-2(f) , and one W -exchange Fig. 2(g) for the neutral B meson and one W -annihilation Fig. 2(h) for the charged B. Because of space limit, penguin diagrams are not drew in Fig. 2 
Since the three-body matrix elements are basically unknown, only the factorizable amplitudes for Fig. 2 (b) or 2(d) are calculable in practice.
The tree-dominated three-body modes of interest are:
while some interesting penguin-dominated decays are
3)
In the present paper we will focus on octet baryon final states. To evaluate the factorizable amplitude for Fig. 2 (b) or 2(d) we need to know the octet baryon form factors defined by where q = p 1 +p 2 . For octet baryons one can apply SU(3) symmetry to relate the vector form factors f
to the nucleon magnetic and electric form factors. In general, SU(3) symmetry implies 
The results are (see e.g. [35] )
with t ≡ q 2 . At t = 0 we have 
(t). (4.9)
A recent phenomenological fit to the experimental data of nucleon form factors has been carried out in [20] using the following parametrization:
where Q 0 = Λ QCD ≈ 300 MeV and γ = 2 + 4 3β = 2.148 . We will follow [20] extracted from neutron data under the assumption |G n E | = |G n M |. Note that the form factors given by Eq. (4.10) do satisfy the constraint from perturbative QCD in the limit of large t [20] . Also as stressed in [20] , time-like magnetic form factors are expected to behave like space-like magnetic form factors, i.e. real and positive for the proton, but negative for the neutron.
A new empirical fit to the reanalyzed data for G p M (t) in the region 0 < t < 30 GeV 2 is recently given in [36] : and µ p = 2.79. An empirical fit to the proton electromagnetic form factor ratio is also presented in [36] 
for the range 0.1 < t < 6 GeV 2 , indicating that the form factor ratio decreases with increasing
As for the axial form factors, no useful information can be extracted from SU(3) symmetry. Nevertheless, perturbative QCD indicates that, in the range of high Q 2 , the form factors f 1 (t) and g 1 (t) dominate at t → ∞ and all others are suppressed by powers of m/Q [37] . Moreover, all octet-octet and octet-decuplet form factors at large t can be related to the magnetic form factors of the nucleon G Tables II-IV of [37] ). Hence, the axial form factor g 1 at large momentum transfer is fixed.
A. Tree-dominated three-body decays
This decay receives factorizable contributions from Figs. 2(b), 2(d) with b → d penguin transition, 2(g) and a nonfactorizable contribution from Fig. 2(e) . As the two-body baryonic decay, we can neglect the W -exchange contribution. Moreover, we shall assume that this mode is dominated by the factorizable term from Fig. 2(b) as it is governed by the parameter a 1 :
where we have neglected penguin contributions because the penguin Wilson coefficients a 3 , · · · , a 10 are numerically very small. The two-body meson matrix elements are parametrized in terms of the form factors F 0 and F 1 for B − π transition
and form factors V, A 0 , A 1 , A 2 for B − ρ transition
with q = p B − p π(ρ) and
The factorizable amplitude for the pion emission reads
The amplitude for the ρ meson case is more cumbersome.
Since the relevant Clebsch-Gordon coefficients are d np = f np = 1, it follows from Eqs. (4.5) and (4.7) that the weak form factors have the form In terms of the nucleon magnetic and electric form factors, the weak form factors read
According to perturbative QCD, the weak form factors in the large t limit have the expressions [37] 
It is easily seen that this is consistent with the large t behavior of f That is, we assume that Eq. (4.15) is applicable also to the large t region. As for B − π(ρ) form factors, we consider three distinct models: the Bauer-Stech-Wirbel (BSW) model [38] , the QCD sum rule method based on the light-cone sum rule analysis (LCSR) [39] , and the Melikhov-Stech (MS) model based on the constituent quark picture [40] . The BSW model assumes a monopole behavior for all the form factors. However, this is not consistent with heavy quark symmetry for heavy-to-heavy transition. Nevertheless, we apply this model for comparison.
Considering only the vector-current contribution to baryon matrix element, we obtain the results shown in the first entry of Table III. Our calculations are in agreement with [18] when the BSW model and CHT form factors are used. However, we see from Table III that the branching ratio for B 0 → npρ + in the BSW model is slightly larger. This is ascribed to the monopole form factor q 2 dependence for all the B − ρ form factors. If one changes the form factor momentum dependence from monopole to dipole form for A 1 and V (sometimes referred to as the BSWII model in the literature), the resulting branching ratios are very similar to that in the MS model.
To estimate the contribution from the axial vector current, we might assume that g 1 (t) takes the asymptotic form 3.6 × 10 −6 4.9 × 10 −6 4.6 × 10 −6 5.1 × 10 −6 5.9 × 10 −6
Since both B 0 and B 0 can decay into npπ + (ρ + ), experimentally one has to disentangle the "background" contribution from the B 0 −B 0 mixing or to tag the B meson. Therefore, we will give an estimate of B 0 → pnπ
This decay receives contributions from Figs. 2(a), 2(e) and 2(g). As the previous decay, we will assume that it is dominated by the factorizable contribution from Fig. 2(a) . Unfortunately, as shown in Eq. (4.1), it involves a three-body matrix element that cannot be evaluated directly. Instead, we will evaluate the low-lying pole diagrams with the strong process B 0 → {Λ 
where we have employed the heavy-light baryon form factors defined by § There is another pole diagram with the weak decay B 0 → π − π + (ρ + ) followed by the strong Fig. 2(a) ]. However, this pole amplitude is expected to be suppressed as the intermediate pion state is far off mass shell. Consequently, the nucleon-nucleon-pion coupling is subject to a large suppression due to the form-factor effects at large q 2 .
For the heavy-light form factors f
and g
, we will follow [41] to apply the nonrelativistic quark model to evaluate the weak current-induced baryon form factors at zero recoil in the rest frame of the heavy parent baryon, where the quark model is most trustworthy. This quark model approach has the merit that it is applicable to heavy-to-heavy and heavyto-light baryonic transitions at maximum q 2 and that it becomes meaningful to consider 1/m q corrections so long as the recoil momentum is smaller than the m q scale. Following [42] we have * *
Since the calculation for the q 2 dependence of form factors is beyond the scope of the non-relativistic quark model, we will follow the conventional practice to assume a pole dominance for the form-factor q 2 behavior: [43] [44] [45] [46] [47] indicates that it is consistent with G(q 2 ) with n = 2. However, a recent calculation of ζ(ω) in [48] yields * * The form factors for Λ b − p transition at q 2 = 0 are given in Table I of [42] . For Σ 0 b − p form factors at zero recoil, it can be evaluated using Eq. (22) of [41] . Note that the spin factor is η = − and this clearly favors n = 1. As we shall below, the recent first observation of B − → ppK − by Belle [23] also favors a monopole q 2 dependence for baryon form factors. The calculation of B 0 → pnρ − is similar to that of pnπ − except that the vacuum-ρ matrix element now reads 33) and that the computation is much more tedious than the pion case, though it is straightforward. Using the pole masses m V = 5.32 GeV, m A = 5.71 GeV and the decay constant f ρ = 216 MeV, we obtain
for a monopole (dipole) q 2 dependence for baryon form factors. Since Two remarks are in order. First, in the calculation we have neglected other nonfactorizable contributions from Fig. 2(e) , which are presumably suppressed. For the pole diagrams, we did not evaluate the 1 2 − pole contributions owing to the technical difficulties for the bag model in dealing with the negative-parity baryon states. Second, since n = 1 is favored by the recent measurement of the decay B − → ppK − , as we shall see below, it turns out that B 0 → npρ + has a large branching ratio of order 1 × 10 −5 .
The calculation for the decays
is the same as that for B 0 → npπ + (ρ + ) except for different baryonic form factors in the final states. The relevant Clebsch-Gordon coefficients for weak form factors are (see e.g. [35] )
Then (4.5) and (4.7) lead to
. Compared to the npπ + mode, the decay rates of above three decays are suppressed owing to smaller baryon form factors and less three-body phase spaces available.
Consider the decay B − → ppπ − as an illustration. Its factorizable amplitude from Fig.  2(d) is similar to that of B 0 → npπ + except that the former is color suppressed
Therefore, its branching ratio is expected to be suppressed by a factor of (a 2 /a 1 ) 2 relative to B 0 → npπ + . From Table I we see that a 2 = c eff 2 + c eff 1 /3 is numerically equal to 0.024, which is very small compared to the value of a 2 = 0.40 − 0.55 extracted from B 0 → D 0( * ) π 0 decays [49] and |a 2 | = 0.26 ± 0.02 from B → J/ψK decay [50] . The point is that a 2 may receive sizable contributions from nonfactorizable pole diagrams Figs. 2(d) and 2(e). However, even if we treat a 2 as a free parameter and take a 2 = 0.35, its rate is still suppressed by one order of magnitude relative to B 0 → npπ + . Experimentally, the current limit is
[see Eq. (3.34)], while the experimental limit is 1.6 × 10 −4 [32] .
B. Penguin-dominated three-body decays
The decay B − → ppK −( * ) is mainly governed by the diagrams Figs. 2(a) and 2(c) with the factorizable amplitude
where the last two terms correspond to weak annihilation. As the decay B 0 → pnπ − , since we do not know how to evaluate the 3-body hadronic matrix element, we will instead evaluate the 
where we have applied equations of motion
As stressed in Sec. II, the parameters a 6 and a 8 here must be expressed in terms of the original penguin Wilson coefficients rather than the effective ones so that the scale dependence of the matrix element of scalar and pseudoscalar densities will be compensated by that of penguin Wilson coefficients. The pole amplitude then has the form with the invariant mass M pp < 3.4 GeV. This is the first measurement of the penguindominated charmless baryonic B decay. Evidently, the model prediction is consistent with experiment provided that the baryon form factor q 2 dependence is of the monopole form (i.e. n = 1). The absence of penguin contributions of a 6 and a 8 to K * production explains why the ppK * − rate is only slightly larger than ppK − , contrary to the case of B 0 → npπ + (ρ + ) where the ratio of ρ + /π + can be as large as 5. a 10 , respectively. Since these parameters are very small, the mode nnK 0( * ) has a similar rate as pnK −( * ) . As for the decays B 0 → ppK 0( * ) and B − → nnK −( * ) , their branching ratios are suppressed, of order 1 × 10 −7 for K production and 5 × 10 −8 for K * . This is attributed to the fact that only the Σ b pole contributes and its coupling with the B meson and the nucleon is smaller compared to Λ b .
B
This decay receives contributions from Figs. 2(b), 2(d), 2(e) and 2(g). The relevant factorizable amplitude is
where the first term corresponds to external W -emission, second and third terms to the b → s penguin transition and the last two terms to penguin-induced weak annihilation. We shall neglect the weak-annihilation contributions in the practical calculation. Applying equations of motion we obtain 47) where t = (p Λ + pp) 2 and we have taken the SU(3) symmetry result f .7)]. Since the pseudoscalar form factor g 3 corresponds to a kaon pole contribution to the Λp axial matrix element, it follows that
(4.48)
Consequently,
It is easily seen that the first term on the right hand side satisfies the relation of vector current conservation in SU(3) limit, while the second term respects the PCAC relation. Therefore, the above expression has a smooth chiral behavior in the zero light quark mass limit. Applying equations of motion again yields 
The Clebsch-Gordon coefficients for weak Λp form factors are
In the large t regime, the dominated axial form factor is [37] 
As the B 0 → npπ + (ρ + ) decays, we consider two distinct empirical fits for the proton magnetic form factors denoted by CHT and BKLH. Using the same running quark masses as before and the MS model for B − π(ρ) form factors [40] , we show the results of branching ratios in Table IV with and without the contributions from the axial form factor g [see Eq. (3.46)]. In Sec. IV.C below we shall explain why this penguin-dominated decay does not have a large rate. In contrast, the radiative baryonic decay B − → Λpγ is likely to have an appreciable rate for two reasons. First, the main pole diagram for this radiative decay comes from the strong process B − → Λ bp followed by the weak radiative transition Λ b → Λγ. Since the latter is induced by the electromagnetic penguin mechanism b → sγ, it has a magnitude of order 1 × 10 −5 [51] . Second, the coupling of the Λ b with the B meson and the nucleon is large. Our preliminary study indicates that B(B − → Λpγ) ∼ 10 −6 [52] . Therefore, experimentally it would be quite interesting to see if a photon emission has a magnitude larger than the pion case in the three-body final states with Λp production, namely, and smaller phase spaces. However, one decay which is worth mentioning is B 0 → η ′ Λp. It has been argued in [17] that B → η ′ B s B could be the most promising charmless baryonic modes; they may be comparable to the η ′ K and a crude estimate yields Γ(
Of course, the study of η ′ Λp is much more complicated than η ′ K: The factorizable amplitudes for the former involves several 3-body matrix elements that are difficult to evaluate. Another complication is that what is the role played by the gluon anomaly is still controversial and not clear even for η ′ K modes, not mentioning the three-body one, η ′ B s B. A detailed study of B → η ′ Λp and related modes will be presented elsewhere.
As discussed in the beginning of this section, the question of why some of three-body baryonic B decays in which baryon-antibaryon pair production is accompanied by a meson have larger rates than their two-body counterparts can be qualitatively understood in terms of the Dalitz plot analysis which indicates that, for example, the diquark ud has a very large invariant mass due to the V − A nature of the b → udū process [33, 34] . If the ud forms a nucleon, then it will tend to form a highly excited baryon and will be seen as Nnπ(n ≥ 1). This explains why NN final states have small rates, why p∆ and Σ∆ states are leading tree-dominated and penguin-dominated two-body baryonic B decay modes, and why the three-body mode NN π(ρ) is favored over the two-body one. From the calculations in Sections III and IV, we can give a more quantitative statement.
The experimental fact that the penguin-dominated decay B − → ppK − has a magnitude larger than the two-body counterpart [21] . We have shown before that Γ(B 0 → npπ + ) > Γ(B − → np) even though the pole diagram for the former does not have a Λ b pole. This can be comprehended from the observation that the former is dominated by the external W -emission contribution governed by the parameter a 1 , while the latter proceeds via the internal W emission process. If the aforementioned conditions are not satisfied, then the three-body mode will not necessarily have larger branching ratios than the corresponding two-body ones. For example, the penguin-dominated decays B 0 → ppK 0 , nnK 0 proceed through the Σ ( * ) b pole only and hence their rates are suppressed. The tree-dominated modes B − → {pp, nn, Σ +Σ− , · · ·}π − are suppressed as they proceed via the factorizable internal W -emission process and hence are color suppressed; that is, their factorizable amplitudes are governed by the parameter a 2 . The penguin-dominated decays B 0 → Λpπ + (ρ + ) are also suppressed due to the lack of Λ b poles. Indeed, we found Γ(B 0 → Λpπ
V. DISCUSSIONS AND CONCLUSIONS
We have presented a systematical study of two-body and three-body charmless baryonic B decays. We first draw some conclusions from our analysis and then proceed to discuss the sources of theoretical uncertainties during the course of calculation.
1. The two-body baryonic B decay B → B 1 B 2 receives main contributions from the internal W -emission diagram. We evaluate the corresponding pole diagrams to calculate the nonfactorizable contributions. The parity-conserving baryon matrix elements are estimated using the MIT bag model. We found that the bag-model estimate of baryon matrix elements are about three times as small as the previous calculation based on the harmonic oscillator model. The predicted branching ratios for two-body modes are in general very small, typically less than 10 −6 , except for the case with a ∆ resonance in the final state. Physically, this is because the diquark system in b decay has a very large invariant mass and hence it tends to form a highly excited baryon state such as the ∆ and will be seen as Nnπ(n ≥ 1), for example. This also explains the non-observation of the NN final states. We found that the tree-dominated decay B − → p∆ −− can be as large as 10 −5 , while the penguin-dominated decay B − → Σ +∆−− has a magnitude of order 1 × 10 −6 due to the large coupling of the ∆ with the B meson and the octet baryon. These charmless two-body baryonic modes should be easily accessible by B factories BaBar and Belle.
2. Owing to large theoretical uncertainties with parity-violating matrix elements, we focus only on the parity-conserving contributions for two-body final states. Nevertheless, B − → np, B → N∆ and Σ∆ are purely parity-conserving, whereas B 0 → ΛΛ is purely parity-violating, provided that the quark pair is created from the vacuum with vacuum quantum numbers ( 3 P 0 model). These features can be tested by measuring decay asymmetries or longitudinal polarizations.
3. Although three-body modes in general receive factorizable contributions, not all of them are calculable in practice due mainly to the lack of information for three-body hadronic matrix elements. Therefore, in many cases we still have to reply on the pole approximation to evaluate the factorizable amplitudes. 6. The predictions of tree-dominated decays B → pp/np, B → N∆ and penguindominated modes B → Σp, Σ∆ in the QCD sum-rule analysis are quite different from the present work. Measurements of the above-mentioned modes will be quite helpful to differentiate between the two different approaches.
7. The factorizable contributions to the penguin-dominated decays B 0 → Λpπ + (ρ + ) and related modes are calculable but their branching ratios are small. We found Γ(B 0 → Λpπ + ) ∼ ( Needless to say, the calculation of baryonic B decays is rather complicated and very much involved and hence it suffers from several possible theoretical uncertainties. Though most of them have been discussed before, it is useful to make a short summary here: (i) Since it is very difficult to evaluate nonfactorizable and even some of factorizable amplitudes, we have relied on the pole approximation that, at the hadron level, these amplitudes are manifested as the pole diagrams with low-lying one-particle intermediate states. We use the bag model to evaluate the baryon matrix elements. Owing to the technical difficulties and the unreliability of the model for describing negative parity resonances, we limit ourselves to 1 2 + poles and hence consider only parity-conserving amplitudes. In the future we need a more sophisticated method to evaluate both PC and PV weak baryon matrix elements.
(ii) We have applied the 3 P 0 quark-pair-creation model to estimate relative strong coupling strengths. This amounts to treating the strong BB b B coupling as point-like or assuming its relative magnitude not being affected by the momentum dependence. However, it is not clear to us how good this approximation is. In the future, it is important to have a solid pQCD analysis to understand this issue. (iii) Heavy-to-light baryon form factors are evaluated in the non-relativistic quark model at zero recoil. However, their q 2 dependence is basically unknown. We have resorted to the pole dominance approximation by assuming a simple monopole or dipole momentum dependence. The unknown momentum dependence for baryon form factors is one of the major theoretical uncertainties. (iv) We have applied SU(3) symmetry to relate the octet-octet baryon form factors to the magnetic and electric form factors of the nucleon. Experimentally, one certainly needs measurements of nucleon (especially neutron) electromagnetic form factors for a large range of q 2 . Theoretically, it is important to know how important the SU(3) breaking effect is. (v) The three-body decays usually proceed through several quark diagrams. To simplify the calculation and to catch the main physics, we have often focused only on the leading factorizable quark diagrams. It remains to investigate nonfactorizable contributions to see their relevance.
To conclude, we have pointed out several promising charmless two-body and three-body baryonic B decay modes which have branching ratios in the range of 10 −5 ∼ 10 −6 and hence should be measurable by B factories.
